Abstract In this paper we describe the design of a fully autonomous docking station for the quadrupedal robot ANYmal. The autonomous recharging of mobile robots is a crucial feature when long-term autonomy is expected or human intervention is not possible. This is the case when a robot is used in environments that create a potential hazard to humans such as the inspection of oil rig platforms. If operated in such explosive environments, machines are usually required to be frequently purged with inert gas to avoid ignition through electric sparking (ATEX-P certification). Our docking station allows for recharging of ANYmal's battery as well as purging of its main body with gas. We present a robust docking strategy that negotiates positioning errors of the robot through guiding elements and flexible parts. The docking mechanism itself consists of an actuated plug which is inserted into a socket on the robot's belly for electrical and mechanical connection. The mechanism is designed for reliable, sealed and spark-free operation. The system has proven to be robust in a laboratory environment and under realistic conditions.
Introduction
The operational lifetime of autonomous mobile robots is limited to the energy supply of the system. While some robots use their own means to charge, for instance by using solar energy [1] , digesting slugs [2] or carrying radioactive generators [3] , most robots rely on energy provided by an external source. In environments where long-term autonomy of the mobile robot is expected, especially in industrial/home automation or exploration tasks, autonomous charging becomes a necessary asset.
Generally speaking, autonomous charging has been around since the early days of mobile robots. In the 1940's Grey Walter was using light to guide his tortoise robots into a hut, where they would make contact with a charging circuit [4] . Since then, the general idea of using on-board sensors to identify a specifically designed docking station, move towards the station and physically dock using some sort of mechanism has not changed much [5] . Some researchers are beginning to tackle the problem more generally by trying to connect to common power outlets; however, to date this requires the robot to be fairly advanced [6] . Docking stations have recently become visible in everyday life due to their commercial application in home automation. A good example is presented by robotic vacuum cleaners or home surveillance robots [7] . These stations are designed for robots using wheel-based locomotion. Since the more recent arrival of robots using legged locomotion, the question of how to autonomously charge these systems has arisen.
So far, autonomous docking stations for legged robots have not yet been an active area of research. Most notable is the consumer market docking station of Sony's Aibo 1 robot introduced in the early 2000's. Here, the robot uses its on-board CCD camera to locate the docking station, walk over it and place its main body on the station, which matches the shape of the robot's belly. The charging contacts are exposed on the station and make physical contact with the robot once seated. Another docking station is the predecessor of this station developed in 2016 [8] . Here, the robot climbs over the station and seats itself on two 3d printed cones; the charging pins are exposed on the station. However, the system has several drawbacks such as poor success rates and its non-suitability for outdoor use.
Since legged robots provide an advantage over wheeled systems when it comes to negotiating with complex environments, it is only a matter of time until these systems are used extensively for demanding tasks such as inspection of disaster sites. This presents a scenario in which the system should be able to explore and operate for several hours without the need for human interaction (Fig. 1) . Such a task, an autonomous inspection of an oil-rig platform, was the goal of the ARGOS (Autonomous Robot for Gas & Oil Sites) challenge organized by Total 2 . The third and last round of the three-year competition took place from March 9-17, 2017 at Lacq, France and presented a good opportunity to validate the docking station and our robot in a realistic scenario [9] . Our robot, ANYmal, is a quadrupedal robot specifically designed to fulfill inspection tasks in harsh environments [10] . The robot is equipped with two rotating Hokuyo laser scanners for localization and an actuated sensor head to perform inspection tasks. The recently updated power source consists of a 12S 5P Panasonic NCR 16850-GA Lithium-Ion battery with a capacity 745 Wh, which provides the robot with roughly 2.5h of autonomy under nominal load. Since the robot is operated in a potentially explosive atmosphere, it is necessary to purge and pressurize its body with inert gas [11] .
In the following chapters, we describe the development of a new autonomous and robust docking station to charge the quadrupedal robot ANYmal with energy and purge the main body with inert gas. We introduce the system design, the docking strategy and experimental results.
System Design
The docking station consists of several subsystems of which the most important ones can be defined as follows: Docking Mechanism, Sensing, Actuation and Control and the Pneumatic system. All of these are integrated inside the station (Fig. 2) , which has a size of roughly 1m x 0.14m x 0.27m (Length x Width x Height) and a weight of 16.17 kg (without gas bottle).
A safe and secure docking is of high importance for reliable operation of the robot and for human interaction with the system. The hardware is intrinsically designed to not have any exposed contacts at high power unless a reliable connection is made.
Docking Mechanism

Frame
The frame has to fulfill several functions. First, the dimension must be small enough for the robot to walk over it while providing enough space to house all components in a waterproof environment. To protect the charging plug and to keep the housing sealed, a linearly actuated hatch is mounted on top. An important feature of the frame is the guiding brackets. These brackets are used to compensate linear alignment errors of the robot of up to 20 mm. The corresponding interface on the robot is the belly plate, which is developed for shock absorption in the event of fall.
The brackets are made from polyoxometalate (POM) for low friction, and are adapted to match the design of the belly plate. To sense if the robot is correctly seated on the docking station, an inductive sensor is placed on top of the station between the guiding brackets. To visually notify the operator about the current status of the station, a yellow and green signal light is attached to the frame. A long-range wireless connection is made with a directional antenna. Handles are mounted for easy transport and adjustable feet are mounted below the station to ensure a stable stand on uneven terrain. To set the initial status of the station, three buttons are mounted. One button is used to power on and off the station, another to activate the fully autonomous mode and one button that enables the purging and pressurization procedure whenever the robot is docked. An emergency stop is installed that can cut power and stop all operation.
Plug
The plug (Fig. 3a) is housed inside the docking station and can be moved linearly through the opened hatch against the robot once it is in position. The main functions are to provide a stable connection to the socket and to allow energy and gas flow to the robot. The shape of the plug and socket was partially inspired by the mechanisms for spacecraft docking [12] . The round top and the conically shaped part allows for precise positioning of the plug with respect to the socket. To overcome the remaining tolerances, the plug is situated on top of a flexible rubber part which allows a certain freedom of motion. Four pogo pins are placed on the plug in a special, arbitrary pattern to avoid reverse polarity. Two pins are used for detecting contact and two to transmit the power. The contact detection pins are designed slightly shorter than the other two. This ensures that during docking, the shorter pogo pins are in contact after the power pins, as well as ensures they are the first ones that will lose contact when undocking. This is important to avoid sparking on the power pins. The picture shows the hatch and plug assembly (docking configuration) on the left, the control electronics in the middle and the pneumatics and charger on the right. Handles, guiding brackets and signal lights are also visible.
Socket
The counterpart of the plug is attached to the belly of the robot. The socket assembly consists of a plastic part, two printed circuit boards (PCB), a lid, a check valve and a sealing (Fig. 3b) . The plastic part, like the brackets, is made from polyoxometalate (POM) for low friction. The inner shape matches the outer shape of the plug to guide it to a defined position. A circuit board with gold-plated contacts is located on the bottom of the socket part, partially covered by a lid. The bottom circuit board serves as the interface to the pogo contacts of the plug. A second circuit board (not visible in the figure) is located on top of the socket inside the robot. This board houses a passive set of electronics (relays and diodes), that are powered by the docking station. The electronics ensure a safe connection to the battery once contact is established and verified. The check valve ensures the gas flow is directed inwards. The socket is mounted from the outside to the main body of the robot and is sealed to avoid gas leakage. 
Sensing, Actuation and Control
The docking station is controlled by a Raspberry Pi 3 situated on a custom circuit board, which interfaces the connected peripherals (Fig. 4) . We use the Raspbian Jessie 3 distribution as OS and installed ROS Indigo 4 . We programmed a docking station node for ROS in the form of a state machine, which is started once the station is powered on and the program start button is pressed. The docking station node is incorporated in the overall system architecture, which includes ANYmal and the operator PC. Hence, easy communication and monitoring of the status of both ANYmal and the docking station is possible and available to the operator. The controller board is the interface to the electromechanical components. The controller is able to move the linear actuators attached to hatch and plug, to indicate the status of the station via yellow and green signal lights, as well as read the various sensors (Induction, Pressure, Current, Contact) and the buttons mounted on the frame. We also developed an analog circuit that allows the sensing of passive electronics inside the robot.
This circuit inside the robot, which is mounted on the socket (Section 2.1), is decoupled from the rest of the system and can only be powered by the contact pins once contact is established. This allows one to safely open relays inside the robot and inside the docking station and minimize, together with the mechanical design of the pogo pins, the risk of sparks and voltage peaks. The current flow through the battery charger is measured and visible to the operator. Depending on the state of the gas filling enabling switch, the purging procedure can be started or neglected.
Pneumatic System
We can purge the robot with inert gas (nitrogen) provided by the docking station. Part of the pneumatic installation is installed inside the docking station, while additional parts are placed inside the robot (Fig. 5) . The docking station setup consists of a gas cylinder (C1) with a pressure gauge (P1); a setup of two pressure regulators to set operating pressure, minimize oscillations and the supply pressure effect (R1, R2); two respective pressure gauges (P2, P3); an electromechanical valve (Q1) with suppressor (R3); a manual switch connected in parallel (S1) and a pressure transducer (B1). The pneumatic system interfaces the robot through the plug mentioned in section 2.1.
The robot (C2) is equipped with two check valves (R4, R5). One check valve (R4) is connected to the socket with the flow-direction pointed inwards, while the other (R5) is connected to the front of the robot, directed outwards. Once a sealed connection between the plug and socket is made and confirmed, the docking station can start the purging procedure. The electromechanical valve (Q1) opens while the charging pressure is constantly monitored through the pressure transducer (B1). The two pressure regulators (R1,R2) are preset to maintain a constant output pressure. The check valve is integrated in the socket and opens once a pressure difference between working pressure and robot is reached. The nitrogen level inside the main body rises until the pressure difference between outside and inside is reached and the second check valve (R5) opens to release overpressure.
The point in time after the check valve opens is monitored by the docking station control. The valve stays open and closes within discrete time steps until a minimum of five times the robots volume equivalent of gas has purged through the body. After the successful purging, the electromechanical valve (Q1) closes, remaining pressure between the valve and the check valve (R4) is relieved through the suppressor (R3) and the robot's main body remains pressurized. As an alternative to the automatic docking procedure, the electromechanical valve can be bypassed by a manual on-off valve (S1). Additionally, the pressure inside the main body is constantly measured and monitored through the onboard electronics. 
Docking Strategy
Deployment
On entering an inspection site, ANYmal can be transported seated on the docking station inside a wheeled box. The box can be moved by one person by pulling it by a metallic handle. The box is designed in a way to overcome pavement edges of up to 8 cm. Once close to the area of interest, ANYmal and the docking station can be lifted from the box and transported by two people to the destination point by using two handles attached to the docking station.
Once deployed (Fig. 7) , the robot starts localizing itself within the environment. Therefore, the Iterative Closest Point (ICP) algorithm [13] is used to match the local scan (perceived by the two rotating Hokuyos in the front and in the back) to the reference map. Starting from an initial guess of the robot's pose within the reference frame, the algorithm iteratively searches for the nearest neighbors between local and reference point clouds and minimizes the sum of all squared distances. The resulting absolute pose of the robot is used to correct the robot's odometry during the entire mission. In this case, the pose of the robot in seated configuration on the docking station is stored for future reference. After this, the robot lifts its body and walks off the station to start the mission (Fig. 6a) . The docking station automatically retrieves the plug and closes the hatch once the robot is not sensed anymore. This state is called the idle state (Fig. 6b) .
Approach and Docking
When the mission is finished or a low battery/pressure status is detected, the robot autonomously returns to the docking station. The target pose of the robot is the same as the starting pose during the deployment phase. The robot approaches the docking station and walks over it by using a special maneuver [14] . A two-step strategy is used in order to position the robot with high precision and account for potential localization errors. The first step is to position the robot above the guiding brackets, which can passively compensate misalignment errors of a few centimeters (Fig. 6c) . The robot slides in a seating position and the successful seating of the robot is sensed by the inductive sensor of the station.
In the second step, the hatch on top of the station opens and the plug moves towards the socket. The plug has the ability to negotiate remaining, small misalignment errors of a few degrees/millimeters thanks to a rubber part that allows for certain flexibility. The successful docking is confirmed by two pogo pins on the plug, which sense the passive electronics of the socket (Fig. 6d) . In case a confirmation was not received, the plug will retreat a few centimeters and tries to dock again. If docking was not successful following the third try, the station would return to the idle state. Since the operator will be aware of the situation, he could then try to walk-off the station and restart the docking maneuver.
Charging
Once the connection is made, the robot's batteries are automatically charged. Additionally, the robot can be pressurized with gas. This is important for ATEX-P certification, which the robot has to comply with when operating in areas with a potentially explosive atmosphere [11] .
During this process, the main body of the robot is purged several times its volume with an inert gas (i.e. nitrogen) and has to remain pressurized for the time of operation. Both, current flow and the amount of gas flowing in the robot is measured and available to the operator. Signal lights indicate the status of the station. A flashing yellow light indicates the move of the actuators and a flashing green light indicates a successful docking and charging.
Undocking
In nominal operation, the robot stays connected through the plug on the docking station and batteries are constantly charged. In case the robot is lifted off or commanded to continue its mission, the station automatically returns to idle state. If necessary, the station can also be shut down remotely or manually while the robot is seated. 
Experiments and Results
We used the docking station extensively during the last round of the ARGOS challenge. The scenarios in which the robot and the docking station were tested include the autonomous inspection of an oil rig platform under realistic environmental conditions. We deployed the robot with the docking station (Fig. 7) , and several missions were started and finished on it. We carried out the charging with both gas and energy successfully. Additionally, we performed end-to-end tests in a laboratory environment. For the first two experiments, the station was not powered and no docking was performed. We tested if the robot was able to walk off and on the station, and if the guiding brackets would allow a defined positioning of the robot. In the next four experiments, the docking station was activated and the robot walked off and immediately returned to the station without an intermediate mission simulation. In the following four experiments, the robot walked off, trotted in front of the station, and returned. The docking station was able to perform autonomous docking with confirmed contact in all eight cases (Table 1) . In one case, the automatic retreat and re-dock mode as mentioned in section 3 was triggered since the pogo pins did not confirm contact at first. Here, the plug retreats slightly and approaches the socket a second time while the robot remains seated. We observed this, albeit rarely, at the competition which is why we implemented the procedure. To guarantee a 100% docking at first try, further improvements could be made through optimization of the flexible part (allowing more flexibility).
Though never observed, one can imagine a case where the ICP algorithm fails to localize the robot with high certainty, e.g., in flat, open areas. In this case, the docking station could be surrounded by geometric items, i.e., poles. Alternatively, CV tags could be used to localize the station directly, or the guiding brackets could be enlarged. Overall, our experiments confirm the high robustness of the system, which we also observed during the ARGOS challenge. 
Future Work
The docking station could be upgraded with additional features in the future. It can be used as a communication bridge between the operator and the robot to enlarge reach of the Wi-Fi and, consequently, the operational area. Additionally, sensors could be mounted on the station to monitor the environment in close proximity and inspect the robot for potential damage. In the event that the station is used in a scientific scenario, one can think of having additional instrumentation to facilitate the analysis of samples brought by the robot. The current version is connected with a cable to an external power supply and with a hose to a gas bottle. The last building block for a completely independent and autonomous operation would be achieved by incorporation both a gas bottle and a large battery pack.
Conclusion
We introduced the first autonomous, outdoor-proof docking station for quadrupedal robots. Through testing and use in a realistic scenario we showed the capability of the system to safely charge the robot's batteries and purge and pressurize the main body.
The system is capable of increasing the robot's operational time in hazardous environments without human intervention. Furthermore, the docking station provides a solid base for future implementation of additional features. 
